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ABSTRACT

In recent times, renewable energy production from renewable energy sources is an alternative
way to fulfiU the increased energy demands. However, the increasing energy demand rate places
more pressure, leading to the termination of conventional energy resources. On the other hand, the
depletion of fossil fuels like coal, petroleum, natural gas, etc., is creating an adverse effect on the
environment. However, the cost of power generation from coal-fired plants is higher than the
power generation's price from renewable energy sources. Therefore, it has become a stumbling
block balancing this increased energy demand using existing resources and new renewable
resources that optimize the total power generation and the cost of power generation. However,
power generation from the combined renewable energy sources confronts few complications, such
as unstable power generated from the wind generator, the higher operational cost of the
hydropower plant, etc. This experiment is focused on cost optimization during power generation
through the pumped storage power plant and wind power plant. The entire modeling of cost
optimization has been conducted in two parts. The mathematical modeling was done using
MATLAB simulation while the hydro and wind power plant's emulation was perfonned using
SCADA designer implementation. The experiment was conducted using ranges of generated
power from both power sources. The optimum combination of output power and cost from both
generators is determined via MATLAB simulation within the assumed generated output power
range. Secondly, the hydro-generator and wind generator's emulation were executed individually
through synchronizing the grid to determine each generator's specification using SCADA designer,
which provided the optimum power generation from both generators with the specific speed,
aligning with results generated through MATLAB. Finally, the operational power cost (with no
losses consideration) from MATLAB was compared with the local energy provider to determine

V

the cost-efficiency. This experiment has provided the operational cost optimization of the hydrowind combined power system with stable wind power generation using SCADA, which will
ultimately assist in operations of large-scale power systems, remotely minimizing multi-area
dynamic issues while maximizing the system efficiency.
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Chapter 1: INTRODUCTION
1.1 Introduction

The reliance on technological innovations has increased energy demands, creating more
pressure on conventional energy sources to generate and fulfill the additional demand. Therefore,
it is essential to balance this increasing energy demand by using resources that already exist and
obtaining new resources to optimize costs. On the other hand, the depletion of fossil fuels like coal,
petroleum, natural gas, etc., is creating an adverse effect on the environment. Global warming,
emissions of greenhouse gases, climate change are the negative impact that is associated with
power is being produced by the il fuel-based energy generation.
Energy management is the algorithm of planning, execution, and actions to propagate resow·ce
conservation and cost savings while sufficient energy demand is supplied. Proper energy
management facilitates the perfonnance of the environment's organized power, production,
logistics, and other business functions more beneficially. The optimization of using new renewable
energy sources connected with the previous existing resources may cause distinct complications.
Simultaneously, distributed energy sources may face more difficulties when associated with any
different energy sow·ces. As a result, the overload due to connecting other resources and
continuous fluctuations of voltage in the electricity grid creates the failure to disfunction the entire
management.
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1.2 Literature Review

Cost optimization is the process that attempts to reduce cost and execute the plan/application
related to reducing the cost for a particular item. Economic dispatch (ED) has been recommended
as one of the most efficient solutions for cost optimization facts in the power system under
economic-techno restrictions. Economic dispatch (ED) defines the system which provides the
lowest energy production cost [I]. Additionally, depletion of coal, discharges of polluted gas, the
cost of obtaining power are referred to as crucial factors for controlling economic dispatch in the
power system. The dispatch operating department can focus on the coal depletion, polluted gas
discharge, and the power cost to influence the economic dispatch accomplishment procedures,
which provides the accomplishment to function and optimize lhe power system with decent
quality, economy, environmental security protection [2],(3),(4),[5],[6].

Economic Dispatch is considered the simplest method to formu late on a long-tenn basis instead
of utilizing the power system daily efficiently. The power system utilization should not just be
focused on the economic viewpoint but also should be directed to the question of multiple time
intervals with different and interconnected power systems [7]. Regarding Multi-Area Dynamic ED
(MAOED) problems, literature [8] illustrated a phenomenon for reducing the cost of consumption
by assuming lhe percolation of hydro-wind joint plants. Apart from this, depleting fuel resources
have incorporated renewable energy sources with energy storage to replace producing power. The
incorporation of renewable energy sources (RES) with an energy storage system is the most
probable way to generate optimum power with optimized power. Because of increasing the
generation of power from the wind generator, the conversion of wind power turned with a
substantial variability and randomness from the power generation of the traditional system. As a
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result, the consumption and production are maintained partially, which leads to instability and high
cost of the system. The pumped storage power station has also become the economic peaking
power supply because of its flexibility, reliability, and capacity. Pumped storage utilization helps
to smooth and improve the fluctuations of the combined power generation system of wind and
pumped storage power plants. Literature [9] portrays an optimization prototype for a wind power
plant, which contains the highest efficacy and steady output power with the proposed genetic
algorithm. Also, the pumped storage plant impacts the reduction of injected fluctuating wind
energy to the grid. Additionally, the pumped storage contributes to the balance between production
and delivering energy remarkably.

Some key factors help both wind and pumped storage function efficiently, such as wind
generator control, limitation of power, and pumped storage management. Mismatch of selling cost,
penalty cost between the assigned, and the supplied energy leads to the system's cost reduction
[ 1OJ. A strategy that solves scheduling issues also plays an essential role in making the system
economical [ l l]. Literature [13] shows a model to improve wind power integration that stabilizes
the power generation. Furthermore, the reduction of wind power fluctuation is achieved by
implementing the improved Bat algorithm that portrayed the pumped storage-wind combined
power system [ 14]. Previously, the focus was on the individual power plant itself. Recently, many
research works have been done to optimize joint multiple power plants like wind-hydro, windhydro-thermal, wind-solar-thermal, etc. Literature [9], [ 12] illustrated a nwnerica\ algorithm to
optimize the wind power plant's factuality. Also, [13] and [14] emphasized the combined
renewable energy sources' operational optimization by improving the Bat algorithm.
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1.3 Objective

This thesis aims to optimize the cost of generated power by using renewable energy sources
(hydro-wind joint plant) with large-scale using Supervisory control and data acquisition (SCAD A)
designer. Firstly, the optimum combination of power plants' generated power will be calculated
through MATLAB modeling simulation design. The verification of the MATLAB simulation will
be executed with the SCADA implementation. The advantage of using the SCADA system is to
maintain the microgrid's operating schedule by the smart grid communication technology such as
PLC. The obtained result from the SCADA system will be verified using the MATLAB program.
The benefit of using the SCADA system is to control the operating schedule remotely, while there
is no such technique in MATLAB. Moreover, the analytical experiment cost will be compared
with the practical energy provider to portray the efficiency of analytical experiments.

This thesis is based on the cost optimization in Smart-Grid by using SCADA. The entire
research is organized into five chapters. Chapter one is focused on the impoitance of cost
optimization to maintain a proper balance of energy usage by using a hydro-wind joint plant by
SCADA while building on previous research work on power generation. Chapter two elaborates
on the basic structure, characteristics, and limitations of the pumped-storage power plant and the
wind power plant. The parameters and efficiency of transmission lines are discussed in Chapter
three. Chapter four includes emulation, simulation, and practical experiments associated with the
proposed optimization design. Discussion of results is also briefly described in Chapter four.
Chapter five provides the major conclusions of this work and future work.
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Chapter 2 : RENEWABLE ENERGY AND TRADITIONAL SYSTEM

Renewable energy is the recollected energy from renewable resources. Sunlight, geothermal
heat, water tides, rain, fountain, waves, wind, and geothe1mal heat are replenishable sources to
clean power. Renewable energies are continuously originated from the environment. Various
forms of generated heat from the ground, sun rays can be the ultimate renewable energy source.

2.1 Pumped Storage Power Plant
2.1.1 lntroduction

The availability of water is an essential requirement for hydropower generation. Hydropower
generates both kinetic energy and potential energy. The kinetic energy of water is based on motion
or acceleration, which implies a statement of quantity and rapidity. The potential energy of water
is determined between two points in an absolute magnitude of the water level. Usually, the water
from lakes and the water from reservoirs at an elevated level is the hydropower generation source.
Artificial stored water from the constructed dam across the flowing stream can also be the
hydropower generation source.

2.1.2 Contribution of pumped storage station in the power industry

There are three types of power plants that exist, such as thermal, nuclear, and hydroelectric
power plants. The hydroelectric power plant needs the generator and the turbine rotation to
generate power, HV/EHV transmission lines to connect with the other power plants. The variations
of seasons and climates varied the power demand and power generation.
The downstream of hydel plants will help to contribute to improving the irrigation system.
Additionally, hydel plants can positively impact drought and flood by using the dam water and
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discharging water. In comparison to thermal and nuclear plants, hydroelectric plants are holding a
lifespan span. But the hydel plants take more time to install and create more concern to cost than
thermal and nuclear plants. Rydel station contributed a positive influence on the environment and
focused on fewer human resources requirements.

2.1.3 General Arrangements and Operation of a Pumped Storage Power Plant:

The first and foremost criterion for pumped storage power generation is the accessibility of a
constant source of water with a large amount of hydraulic energy. Constructing a dam across a
river with a natural lake or reservoir at high elevation, or an artificial reservoir can assure the
continuous source of the water in this case. Figure 2. l represents a pumped-storage power plant
configuration with an artificial storage reservoir formed by a dam. The water sw-face of the used
storage reservoir is identified as the bead race-level or simply head race. Water from the storage
reservoir is carried through penstocks or canals to the powerhouse. Penstocks are constructed of
pipes which have a large diameter. Penstocks are built of steel, wood, or reinforced concrete so
that the water can flow under pressure from the storage reservoir to the turbine. ln some
installations, smaller reservoirs known as forebays are also provided. A forebay is a storage
reservoir at the head of the penstocks. The purpose of a forebay is to temporarily store water when
the plant does not require it and supply the same when necessary. The forebay is not frequently
needed due to the less distance of the reservoir from the dam. 1n contrast, a forebay plays a crucial
role when the power plant is located far away from the storage reservoir. In this situation, water
from the reservoir moves into the forebay, which in tum distributes it to penstocks through which
it is supplied to the turbines. Furthermore, plants are located at the end of a canal, where a forebay
may be provided by enlarging the canal just ahead of the powerhouse.
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Head

Reservoir

Figure 2. 1 The general layout of a pumped-storage power plant

After passing tlu·ough the water into the turbines, it is discharged to the tailrace. The tailrace is the
network canying tailwater aside from the powerhouse to the turbine. lt can be the natural stream
channel or a specially excavated channel entering the natural stream at some downstream from the
powerhouse.

2.1.4 Governing of Turbines:
Generally, all of the modern hydraulic turbines are interconnected to electric generators.
Regardless of the changes in load, the generator's operation at constant speed is the requirement to
operate the generator. This constant speed is controlled by the number of unchanged pairs of poles
and the required frequency. However, the load of the generator leads to changes in the load of the
turbine, which will not be helpful for the generator to run at a constant speed. The main principle
of the governor is to maintain the constant speed in the generator and runner. The oil pressure
governor is the most consumed regulator among all the governors. The essential parts of this
governor are given below:
i)Servomotor is also known as a relay cylinder.
ii)Relay valve, also known as a control valve.
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iii)Actuator is a gear motivated by the prime turbine shaft.
iv)Oil pump is functioned by a beJt attached to the prime turbine shaft.
CENTRIFUGAL
GOVERNOR

PISTON ROO OF
CONTROL VALVE
':f OR CONTROL VALVE

PISTON ROO OF
RELAY CYLINDER

SPEAR

OIL SUMP

Figure 2.2 Arrangement of oil pressure governors

The working of the oil pressure governor is provided in figure 2.2. The servomotor or relay
cylinder has a piston moving under the action of oil pressure. First, the piston rod's movement is
amplified and translated to the controlling device of the turbine. The distributing valve is actuated
by speed responsive elements of the governor and controls the supply of oil to the cylinders. The
actuator is a flyball mechanism working as the speed responsive element. As stated earlier, it is a
drive for the tie turbine main shaft, and the oil pwnp pressurizes oil. Suppose the speed of the
turbine falls. It will result in the sleeve on the actuator shaft descending and causing the main lever
to raise the pistons of the distributing valve. Consequently, oil under pressure would be sent to one
end of the oil cylinder, and this would move the piston to one side.

2.1 .5 Pumped Storage Generator
A three-phase alternating cun-ent synchronous generator is used in pumped storage plants. The
armature is housed in the stator consisting of a core and fame. The center acts as a magnetic circuit
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and is shaped by a massive steel ring built up of thin electrical quality sheet steel laminations.
Slots are made into the surface of the ring to establish the conductors of the winding. The core is
enclosed in the welded steel frame in the powerhouse. The DC excitation winding is an essential
component in the rotor consisting of a rim, salient poles, spokes, and a hub. The edge is used to
secure the bars (made of metal cores carrying excitation winding coils). The spokes are welded to
the inside of the rim at one end and the bub. The hub serves to mount the rotor and the main shaft.
The direct current in the rotor pole coils is supplied through brushes, which contact the slip ring
rotating together with the rotor.
The pole windings are connected in series to form the excitation, supplied with direct current
at 110/200/300 volts. In recent times, static excitation is frequently used in all kinds of generators.
In pumped storage generators, the rotor poles are spaced very closely, formed a constant external
diameter. The stakes are projected, and the generator is commonly named as salient pole generator.
The thrust bearing is known as one of the most complicated parts of the generator, which
communicates the load after being rotated. The pressure on the runner of the turbine transmits to
the powerhouse. The thrnst bearing may be of plate type, roller type, Kingsbury type, or spring
type, or maybe oil pressure type. The bearing perfom1ance can be improved by load equalization.
The rotor is rigidly coupled to the turbine shaft and rotates at a constant speed. The stator winding
is three phase-type and consisting of a large number of turns in each phase. The arches are formed
by well-insulated copper rods laid in slots inside the end phases stator frame. The rods are
connected with.jumper windings to form the complete turn. Water tw·bines rotate at a much slower
speed. As the equation relates the rotational speed (n), and number of poles (P) along with the
frequency (f)
120/

n =-P

(2.1)
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Hence, if the speed is low, the number of poles should be higher such that the power frequency of
50 Hz is maintained.
The total power (S) is given by S =/3 VI. KVA
Whereas the real power (P) is provided by P

=../3 VI cos(/)

( (/) being the power factor angle)

The reactive power (Q) is given by Q =../3V I s in(/)
In addition to frequency, the requirement is a limitation in the choice of speed hydroelectric
generator, and there is one more factor which limits the choice of speed of such generators. The
factor is the specific speed of the turbine driving the generator. The full load efficiency varies from
about 95% for small machines to 97.5% for larger ones.
A proper value of fly-wheel effect (Wk2) is essential; in the case of small systems, a reasonably
large amount is necessary for good speed regulation under sudden load change, whereas in systems
having a large nwnber of generators operating in parallel, the value should be sufficient to avoid
bunting and ensure stability under transient and fault conditions. The amount of excitation required
hydroelectric generator depends upon speed, load, and power factor. The exciter is provided to
supply the field winding of a d.c. generator shunt or compound wound. The capacity of the exciter
is about 0.5 to 3% of the main generator capacity. ln some cases, a pilot exciter may be used to
excite the main exciter itself The exciter voltage is generally 110 or 300 volts. Modem practice is
to have one (individual) exciter for each generator directly coupled to the generator and the prime
mover.

2.2 Wind Power Plant
2.2.1 Introduction
Among all the power sources, the wind turbine has been shown as the efficient power source
used in the last 1,000 years. The wind turbine's design and construction were primarily simple,
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where the turbines were allowed to rotate with the wind's velocity. The wind power plant has
developed with new methodology and configuration in the modern era with a new efficiency
shape, and design concept.

2.2.2 Typical Structures of Horizontal-Axis Wind Turbines:

The prime configurations of the horizontal-axis wind turbine sub y tern are de cribed below:
I
I

I

I

-

,,,.,V1 I
I

Rotot

01 meter

T

I

t r

1>4
I
I

Angle

I I
I I
1 1

I

Coning
Angle

I I

Wind

Teeter
Hinge

(•)

(b)

Figure 2.3 (a)Two-bladed teetered-hub upwind rotor (b)Two-bladed rigid-hub downwind rotor

Figure 2.3 (a) and (b) display th rotor and hub of the horizontal-axis wind turbine. Mostly the
HA WT rotor hold more than one blade, which is attached to the central hub. A swept area is
created a the rotor starts to turn on a vertical plane. According to the rotor's position regarding the
tower there are two types of rotors: the downwind rotor and the upwind rotor. Tower clearance i
considered another term to determine the lowest gap concerning the blade tip and the tower. Elastic
distortion of blades under load i significant for blades because of the fabrication from composite
material like fibergla s. Axis-tilt is used to achieve sufficient tower clearance by keeping axis tilt

12
lowest for its adverse results. The rotor's unfavorable impact causes the reduction of swept area
and rotor torque.
Generally, rotor hubs are classified in two ways, such as- rigid and teetered rotor systems. The
typical rigid hub is tightly connected with the turbine shaft, and each blade of this hub is fastened
to the hub. Teeter bearing is a component that crosses the turbine shaft of this hub, is displayed in
fig.2.3(a). Teeter bearing allows the rotor's repeated or steady movement that creates parallel
vertical to the rotation platform within less than l O degrees of teeter angles at an indistinguishable
frequency to the rotor speed.

2.2.2.1 Turbine Shaft Assembly
The turbine shaft in HA WT damages because of rotor weight, thrust, torque, and lateral forces.
More research is needed to increase the features, focusing on designing, manufacturing, and
feasible installing. It is also imperative to overcome the complications by improving the ini tial
shaft and its bearings, lubrication couplings, and turbine shaft congregations. Some safety and
control devices are named a sensor, rotor brake, rotary hydraulic couplings, slip rings, and some
additional wiring and piping to solve the turban shaft's complications. The turbine shaft controls
the rotor's oscillation by the magnitude of torsional flexibility before increasing the gearbox's
speed. A speed-increasing gearbox in a HA WT provides a set-up ratio that can be determined by
dividing the generator's speed and speed and speed of the turbine shaft. Furthermore, the set-up
ratio can be varied with the blade tip's speed, the rotor's diameter, and the design of the generator.

2.2.2.2 Generator
DC generators are operated by small-scale HAWT turbines, whereas AC generators drive both
medium and large-scale HA WTs. The generators ofHAWT can be altered or changed by different
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sizes, and weights can be modified commercially according to height, weight, effectiveness, and
sustainability. Cost, power factor, and quality and torsional factors are also essential to consider
before designing the HAWT turbine generators.
Usually, induction AC generators are used widely because of its low cost and inherited
torsional damping. AC synchronous generators generate more power with higher efficiency. The
exterior voltage regulators make the synchronous generator costly and reduce the softness.
A variable-speed constant-frequency (VSCF) generator delivers more power-efficient than a
synchronous generator. VSCF also controls the speed of the turbine for increased aerodynamic
productivity. There are two typical forms of VSCF systems that are utilized mostly in HAWTs.
The primary type of VSCF system retains a doubly wound generator where generated power is in
phase with frequency. The rotor's generated power's fractiona l amount can be estimated through
the slip and line frequency ratio. In large-scale HAWT, direct-drive vs. speed-increasing
Gearboxes rotors drive at comparatively low shaft speeds to sustain a targeted tip-speed ratio and
control noise.

2.2.3 Typical Structure of a Vertical-Axis Wind Turbine

Figures 2.4 and 2.5 show the typical structure of a modern (Vertical-Axis Wind Turbine)
VA WT and named Darrieus. Despite having the standard features between VA WTs and HA WTs'
subsystems, the configurations are not similar. The symmetrical vertical axis permits the turbine
to accept airstreams from several paths. Consequently, the yaw drive mechanism is desired and
considered the instrument as one of the primary advantages in this turbine system.
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-

Figure 2.4 Schematic views of the principal components of a modern V Wf

(bl

Figure 2.5 Schematic views of the fundamental components of a modern VA Wf
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2.2.3.1 The Turbine Rotor Subsystem

The rotor has been considered one of the significant elements of a Darrieus VAWT turbine.
The cwved blades are secured with a rigid hub divided by the rotor column shown in Figure 2.5.
Blades are shaped to a troposkien shape with zero bending stress to decrease internal bending
stresses from the blade's rotation; the rotor of VAWT contains two or three fixed-pitch blades
cross-sectionally equal. Similarly, as a horizontal turbine, a vertical turbine's swept area is
described through a particular projection on vertical planes by the movement of blades on the
surface.

2.2.3.2 The Power Train Subsystem

There are some significant dissimilarities between a horizontal wind turbine's power train and
the ve1tical wind turbine's power train. Figure 2.5 indicates that the power train of VA WT is
positioned near the ground where a lower support stand is not required. As a result, the vertical
wind turbine is much easier to function and maintain. Traditionally, the VA WT turbine shaft
assembly conducts only axial and torque loads, whereas the assemble of the HAWT turbine shaft
also carries bending loads. Lastly, the rotor brake of VAWT is much greater than the parking brake
of HA WT. Therefore, it is capable of giving a break while operating at the uppermost rate.

2.2.3.3 The Support Structure Subsystem

The vertical wind turbine's support structure notably consists of structural cables with
tensioning devices, lower and upper rotor bearings, and a support stand. Two-four cables are
essential to hold the rotor's upper end in a horizontal plane of Darrieus rotors. Within the range of
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around 30 to 40 degrees of an elevation angle, these cables can stretch from ground anchors to the
upper rotor bearing.

2.2.3.4 The Foundation Subsystem

The foundation subsystem of VA WT includes a central foundation and cable foundation: the
central foundation is located underneath the support stand. The cable foundation is located at the
lower end of each set of support cables. The total weight of the cable foundation is usually more
significant than the value of the central foundation.

2.3 Induction Generator

This generator has static elements and rotating elements. The stationary part is known as the
stator, and the turning part is named the rotor. The rotor and stator both consist of individual
laminations surrounded by an aluminum or copper 'squirrel cage' and insulated copper windings,
respectively. An exciter and voltage reregulation rare required in the induction generator. Tbe
induction generator can perform in both motor and generator mode according to the rotor shaft's
speed. The induction generator will act as a motor while the shaft can rotate at speed below
synchronous.
On the other hand, spinning the shaft higher than synchronous speed leads the induction
generator to run in the machine's mode. The synchronous and asynchronous generators are
primarily used as two modes of (AC) generators commercially. An induction generator's most
useful efficient characteristics should belong to the most direct, lowest cost of converting excess
energy into power. induction generators are mostly used in wind turbines, hydraulic turbines (small
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scale hydro) gas engine fueled by natural gas or biogas cogeneration. The induction generator is
also divided into two parts: single-phase and three-phase induction generator .

2.3.1 Generator Protection

There is some protecting equipment for the induction generator: contactors, overload sensors,
and circuit breakers. Furthermore, the protection devices act a a shie]d for both the induction
generator and motor. Additional protection devices are used to control both induction generator
and motors such as - meters over cu!1'ent sensors voltage balance sensors over/under voltage
controls and temperature detectors.

2.3.2 The Operation of DFIG

The power generated from wind energy i.nvolve the use of a Doubly-Fed Induction Generator
(DFIG). As the speed of flowing wind cannot be controlled DFlG has been used in wind power
plants to generate steady power from the wind power plant. A DFIG is used to dampen this
di ruption. A ba ic configuration of DFIG is shown below:

Figure 2.6 Operation characteristics of DFIG
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Figure 2.7 Crowbar in wind turbine

The generator con i ts of two converters: MSC and LSC. The MSC (Machine-Side Converter)
is situated near the machine, and the LSC (Line-Side Converter) i located near the transmi sion
line. Also the DC chopper and crowbar play essential roles when fault di rupt the system. The
whole system can be treated in three states: steady-state, fau~ty, very faulty.

Wl1en there is a con tant wind energy input the DFIG supplies the machine-side converter and
generator with reactive power. During a period of disruption in unsteady wind energy, a voltage
dip is noted and provided reactive power can be stabilized through the line-side converter. When
the ystem disrupt the turbine' faulty power flow, it results in a high generation of energy between
the machine-side converter and the line-side. This excess energy flowing from the rotor circuit into
the MSC can be harnessed via a DC Chopper. Figure 2.7 show the connection of the DC Chopper
and crowbar to the DFIG that will be connected to the wind turbine. A DC chopper, usually
consisting of an IGBT, discharges the intermediate circuit via everal brake re istors. The tored
energy within thi circuit is converted into heat to reduce the voltage.
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Chapter 3: TRANSMISSION LINE

The transmission line is used to transmit to radio frequencies, voltages, AC currents, signals,
or waves through a conductor. Precisely, the power transmission line carries power from one
station to another station through a uniformed cross-sectionally insulator and conductor.

3.1 Parameters of overhead transmission lines
The transmission line consists of resistance, inductance, shunt capacitance, and shunt
conductance are spreading into the entire line represented in fig 3. 1. The same current flows
through the upper and lower part of each section. The resistance and inductance of both can be
combined,
Thus:
R1

L1

= r1 + r{

(3.1)

= Z1 + l~ etc.

(3.2)

Then if each section of the line is of an equal length corresponding to wut length (say one meter)
of the line, we will have:

Rt = R2 = R1 ....... = R, resistor per unit length,
L, = Li = L J .....

G,

= L, Henrys loop per meter,

= G2 = G1 ..... = G, Ohms loop per meter,

C, = C2 = CJ ...... = C, Farads loop per meter.
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Figure 3.J Paraments of overhead tran mission line

3.1.1 Resistance
The resistance of different transmission line in particular temperature T is defined by:

(3.3)
Where Pr is the resistivity of the transmi sion line in any specified temperature T (0.m)

l- the length of the transmission li.ne(m).
A - the cros -sectional area of the transmission line (m2)

3.1.2 Inductance:
It is defined a the flux linkages per unit current,

(3.4)
Where l/J is flux linkage (Weber-turns)
1- is current (amperes)

For the instantaneous value of current and flux linkage
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(3.5)

[y and i are in phase, L is real].

3.1.3 Capacitance of Transmission Lines
Potential difference is the number of charges through two points of a conductor. The
capacitance of two conductors is the ratio of accumulated charge and potential difference of the
conductors.

F

m
Usually, the capacitance of two conductors is constant when placed in parallel, but this constant
is subjected according to the conductors' size and placement. As the flowing of charge creates
current, this current is named the charging current for the line, which affects voltage drop,
efficiency, power factor, and stability.

3.2 Performance of Transmission lines
For the balance 3-phase system, only 1-phase is required to be considered for analysis. The
short lines, medium lines, and long lines are of different lengths. The lengths of sho1t , medium,
and long lines are less than (i) 80 Km, (ii) within 80 to 250Km, and (iii) 250 Km, respectively.
The ratio of output power and input power of the transmission line is the transmission efficiency.

• • e ffi1c1ency,
•
T ransm1ssLOn
TJTL

Vrlr cos0
=- - x 100
Vstscos0s

(3.6)
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Chapter 4: EMULATION OF RENEW ABLE ENERGY SOURCES IN THE SMARTGRID

4.1 Optimization and Economic Dispatch of the system

The optimization of the power cost is a combination of different step , including planning and
execution throughout the power system's entire procedure. The power system's efficiency mostly
includes two parts of the operational economics: one is related to power generation, and another
is stated with the power delivery. Economic dispatch mainly deals with the minimum power
generation cost of any power plant at any specified load. Thus economic dispatch has been
considered an e sential part of an efficient power system.

4.2 Optimal Power Flow

The optimal power flow (OPF) software helps to maintain supply of electricity while
maximizing the profit and minimizing the total co t of operation. Fig 4. 1 displays the OPF main
input and output parameters.

Network topology
Modeling constraint
Parameters

Control variables

.........

_.
_.

Implementation

OPF

.,,,,,,

Optimum

System State
Dependent varla bles

Objectives

Figure 4.1 OPE program

4.3 Mathematical Formulation of the OPF Problem

The OPF problem can be mathematically formulated as a nonlinearly constrained optimization
problem. The most common objective functions are:
• Total fuel cost minimization.
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• Active power loss minimization.
• Reactive power loss minimization.
• Maintenance of secure operation with a minimum deviation of the control settings.

The generation cost is represented as
C(i)

=

y(i)

+ {J(i)P(i) + a(i)P 2 (i)

with a linear incremental cost function.
Correspondingly, price curves for each generator in participating utilities are defined by a straight
line with slope m(i), shown in Figure 4.2. The linear price curve introduces non-linearitie in the
problem. However, it is a more realistic representation of price than that of a fixed price for power.

►

◄
Buy

Po(i

r

B-(

P(i)
[MW)

Tm
►

Sell

Figure 4.2 lncremental price cost of the generator
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Active and reactive power flow and losses in the transmissions line depend on the transmission
line impedance, voltages' magnitudes at sencling and receiving ends, and the phase angle between
the voltages

4.4 Economic Dispatch
Economic dispatch has been considered the minimization of the instantaneous operating cost,
subject to the system load. Levelized Cost of Energy (LCE) is an over-all amount of energy cost
that includes the operational cost, installation cost, and maintenance cost. According to [ 16], LCE
can be stated as,

LCE

= _(C_R_F_x_I_CC_)_+_A_O_E
AEPnet

(4.1)

Where CRF is Capital Recovery Factor; [CC is Installed Capacity Cost; AEPne1 is the net Annual
Energy Production; AOE is the Annual Operating Expenses, which can be expected to have a
quadratic form. Generally, the problem can be expressed mathematically as a constrained
optimization problem with the power's objective function.

Minimize LCET =I1= 1 LC Et (P1)

Such that,

I~1 P1=Total load + losses

(4.2)

(4.3)

(with the consideration of no generator losses and limits)

LCET is the total Levelized Cost of Electricity, n is the number of generating units,

=

(CRF1 x IC Ci)+ (aiPl
AEPNETi

+

b1 P1 + ci)

(4.4)
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where i is the number of unit and Ci - is the operation cost of generating unit i.

and,
ai, bi and Ci represent the cost coefficients of the generating units.
Pi - the real power output of the ith unit.

Among all the cost factors in the Levelized cost, the annual operational cost (AOE) will be
optimized in this section. In order to optimize the annual operational cost, the cost can be
generalized as,

C

= aP 2 +

Where,

b

bP

a=

+

c;

$

h

(4.5)

Ui xCRFixJCCi
AEPNETi

= b- X CRF· X
l

l

/CC-l

AEPNETi

ci X CRF1 X lCCi
c=------AEPNTITi

4.5 Cost Optimization Modeling

The cost optimization model has been executed into several steps in this section.
Step l: The output power and cost calculation by MATLAB using an incremental cost function.
Step 2: This step has executed three case studies:
CASE l: Dark lamp Manual synchronization to the grid for a pumped storage power plant lo
determine the pumped storage power plant's specification.

26
CASE 2: Grid synchronization for a DFIG to determine the wind power plant's specification.
CASE 3: Connection of hydro generator and wind generator to the grid to verify the MATLAB'
stated result.
Step 3: Comparison of the mathematical results to the practical results.
These steps include MATLAB simulation and emulation of the wind power plant and pumped
storage power plant.

4.5.1 Step: 1 The power output and cost calculation by MATLAB using an incremental cost
function
Each power generator has a standard power generation limit or range. In this experiment, the
range is assumed for pumped storage generator output power from Ptmin = 10 W to Ptmax = 200 W.
The range is considered for wind generator output power from

P2mm

= 10 W to P 2max = 150 W.

Therefore, the minimum and maximum generated load power range for the combination of
pumped storage power plant and wind power plant system is PLmin = 20 W to

PLmax

= 350 W.

The general cost C is considered as,

C

= aP2 +

bP

+

c;

$

h

(4.6)

(with the consideration of no generator losses and limits) where a, b, and c also represent cost but

in constant cost, which will not be considered to optimize in this study, and P is the generated
power from the generator. The general cost is a function of the output power of each power plant.
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The incremental cost of the two-power unit is a calculation of the slope of generating power
and receiving the units' power curves. This cost helps to determine the optimum combination of
power productions that reduces the total energy. Then, incremental cost A is,

A=

de

dP

= 2aP + b;

$

Wh

(4.7)

The general cost for a pumped-storage power plant is,

(4.8)

where a1, b1, and c1 are considered as cost coefficients, P1 is the output power from the pumped
storage power plant.

The incremental cost for the pumped storage power plant is

(4.9)

For the wind power plant, the cost is

(4.10)

where a2, b2. and c2 are considered as cost coefficients, P2 is the generated power from the wind
power plant.

The incremental cost for a wind power plant is

(4.11)
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At optimum condition, -11

= -12 = l

(4.12)

For the Pumped Storage Power Plant,

Equation 4.3 for the pumped storage power plant can be re-written as,

C1

Where, P1min

= 0.0041Pf + 0.8 P1 + 40

$

(4. 13)

= I OW and Pt max = 200 W (assumed output power range for pumped storage power

plant) , and a1 = 0.0041, b1

= 0.8, the values are taken from [20] where power specification was

assumed in MW ( I 0 6). As the output unit of the machine used in this experiment is presented in
W, the power specification was also scaled from MW to W using a scaling factor of I 06.
From equation 4.4, the incremental cost,

..:l1 = 0.0082 Pt +0.8

$/Wh

(4.14)

For Wind Power Plant,

Equation 4.5 for the wind power plant can be re-written as,

C2
P2min = 10 kW and P2max

= 0.0065P} + 1.4 P 2 + 19

= l 50kW (assumed

$

(4.15)

output power range for wind power plant) where

0.0065 and 1.4 are represented as constant a2 and b2. respectively. The values are also taken from

[20], where power specification was assumed in MW (106). As the output unit of the machine used
in this experiment is presented in W, the power specification was also scaled from MW to W using
a scaling factor of I 0 6.
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And, from equation 4.6, incremental cost,
?.2 = 0.013 P2 + 1.4

$/Wb

(4.16)

As the minimum power for both of the power plant is 1OW, and substitute P 1 = 1OW in equation
4.9 which gives ,'.1,1

= 0.0082 $W/h and substitute P2 = lOW in equation 4.11 which provides ?.2 =

1.53$/Wh.

It is observed that ?.1 < ?.2 , which means that the incremental cost of pumped storage is Jess
than the wind power plant's incremental cost at minimwn power generation of I OW from both
power plants. As the incremental cost of the wind power plant is higher than the pumped storage
power plant during generating minimum power l 0 W, keeping the output power of wind power
plant P2= l OW constant for the next step and calculate P 1= 89 W when the system is in an optimum
state, ?.1 = il2 = 1.53 from equation 4.9. The next steps will continue by assuming various values
of the output power of the pumped storage power plant Pt, to calculate P2, PL, and incremental
costs at optimum state?.1

= A.2 = A..

As mentioned before in this section, the maximum power is

200 W for pumped storage and 150 W for wind power plants. The same previous steps will
continue to detemune P2, PL, and incremental cost for assumed various P1 ~until each power plants
reach their appointed assumed maximum power, 200 W for P1 and 150 W for P2. Table 4.1 contains
all the calculated values of P2, PL, A for various values of P1 from the steps mentioned above.
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Table 4.J Power and cost at optimum condition

P1 (Output power from the P2 (Output power from PL (Output power from A. (Incremental cost)
~umped storage power plant lthe wind power plant)
the combined system)
)

10W

l0W

20W

A.1= 0.882 $/Wh

89W

l0W

99W

Ai = A.2= 1.53 $/Wh

120W

29.53 W

149.53 W

A.1= A.2= l.784 /Wh

140W

42.153 W

182.153 W

A. I= A.2= l. 948 $/Wh

160 W

54.77 W

214.77 W

A.1= "A.2= 2.112 fWh

180 W

67.38 W

247.38 W

At= A.2= 2.276 /Wh

200W

sow

280W

A. 1= A2= 2.44 /Wh

200 W

150 W

350W

A-2 = 3.35 $/Wh

Using all the values from Table 4.1, the optimwn generated power combination of pumped torage
plant wind power plant, and the cost are determined by MATLAB shown in table 4.2, where units
l and 2 are named as pumped storage power plants and wind power plant.
Table 4.2 The calculation from MATLAB

Unit

Output Power (W)

Cost ( )

I

88

40.07

2

33.994

19.048

Table 4.2 indicates the optimum point of the generated power, 88 W with 40.07 $ for the pumped
storage power plant, and 33.994 W 19.048 $ for the wind power plant, and the total cost is 59.118
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Figure 4.3 Power G l -1. characteristics from MATLAB

Fig 4.3 shows the characteristic of output power (P1) of pumped storage plant versus incremental
cost A. Considering the power range l0W < P1 < 200 W. The curve is linear from 10 W to 200 W.
After reaching 200 W the incremental cost A changes from 2.44 to 3.35 $/Wh. As a result the
generated power is constant at this point.
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Figure 4.5 Load Power -k characteristics from MATLAB

Fig 4.5 shows the characteristic of the combined system's load power (PL) versus incremental cost

'A.. This curve has three linear parts; first, the curve is linear from 10 to 100 W with increa ing
incremental cost A. The second curve i linear from 100 W to approxirnately280 W with increa ing
incremental cost 'A., and the third one is linear from around 280 W to 350 W.

4.5.2. Step 2: Case Studies of Grid Synchronization of the plant
Three expe1iments were done in thi step. They are given below:

CASE 1: Dark lamp Manual ynchronization to the grid for pumped storage power plant
This experiment is executed to synchronize the hydro-generator to the grid to get the specification
of the plant.

Aim of this case: To determine the hydropower plant's specification individually and synchronize
the hydro-generator to the grid manually.
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Condition to synchronize the hydro-generator to the grid:

1. The phase angle and sequence of the grid should be equal to the hydro-generator.
2. The frequency of the grid should be equal to the hydro-generator.
Equipment: Three-phase synchronous machine, synchronizing unit, servo machine test system,

Exciter voltage controller, dual-range voltmeter, dual-range frequency meter.

Fig 4.6 shows the connection of the pumped storage generator to the gtid. The machine under
test is operated in the "synchronization" mode in the servo machine test with 1800 rpm and 60 Hz
frequency. The direction of rotation can determine the rotation of the synchronous generator. A
dual-range voltmeter displays the voltages of the generator and grid. The amplitude of the
generated voltage is pre-set on the generator by adjusting the exciter voltage. The exciter voltage
adjusts the magnitude of the generator voltage before the synchronization occurs.

Figure 4.6 Set-up for manual synchronization using a "dark-lamp synchronization circuit."
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The hydro-generator connection to the grid

A synchronous generator is used as a three-phase synchronous machine. The exciter current needs
to be controlled so that the generator voltage corresponds to the grid's line voltage. When the speed
is around 1800 rpm, the exciter voltage is 20 V, and consistent voltage is measured as 2 12 V. All
the incandescent lamps sta,ted to get dark. The power switch of the synchronization unit has then
connected the generator to the grid. Thus, the grid synchronization has been executed with the
hydropower plant.

CASE 2: Grid synchronization for a DFIG
Aim of this case: To automatically determine the wind power plant's specification and synchronize
the wind generator to the grid.

Condition to synchronize the wind generator to the grid:
1. The phase angle and sequence of the grid should be equal to the hydro-generator.
2. The frequency of the grid should be equal to the hydro-generator.

Equipment: Doubly fed induction generator, synchronizing unit, servo machine test system,
Exciter voltage controller.
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When the pumped torage and the wind turbine are connected and interfaced with SCADA to bus
2 the parameters ar given in the table below.

Table 4.3

alculated parameter of pumped storage and wind power plant

Value

Pumped torage Power Plant

Wind Power Plant

Active Power

88W

34W

Reactive Power

238 VAR

43 VAR

Apparent Power

256VA

70 VA

Total power, PL

P1

+

Pi; PL

= 88 + 34 = 122 W .

The combination of pwnped torag and wind power plant has provided the optimum power 88W
and 34 W. The power output of th SCAD

de igner is matched with the output power from

MATLAB .

4.5.3 tep 3:

omparison of the mathematical results to the practical results
able 4.4

ost Compari on
Amount in KWh

Center point delivery fixed charge

$40.91

Energy charge for 70 KWh @ 0.0550/KWh

$ 47.85

Total co t for 70 KWh

$ 88.76

Effective co, t per KWh

0.1020

Optimized co t

$ 0.059)
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According to the above cost, $88.76 was for 870 KWh, and the significant cost per KWh is$
0. I020. In this work, the calculated cost of the output power from both generators is $59. l 18 per
Wh is scaled into $0.059 l per KWh. In comparison to industry cost charged by actual electricity
providers, it can be noted that the optimized cost from this experiment is $0.0429/kwh or 42.05%
lesser than the effective cost per kwh charged by Discount Power Energy Corporation (househo ld
electricity provider). Considering some other constraints in this work, such as generation limit,
transmission losses may vary the system's efficiency.

4.6 Discussions of the ResuJt

Significantly, there are few measures taken to optimize the cost by connecting hydroelectric
and wind power together with Smart-Grid. At first, the values are taken when pumped storage is
connected to the grid. After tha~ the values are again taken while the grid is associated with the
wind power station. The cost was reduced when the combined pumped storage and wind power
plant was linked to the grid. Ln this chapter, the calculations of each power plant are described.
The pumped storage power plant was primarily examined by achieving the manual
synchronization to determine the exact point when synchronization occurs us ing control lamps and
various measuring instruments like a dual-range voltmeter or a synchronoscope. The
synchronization requires the same voltage phase angle, same sequence, and the same frequency.
and for the parallel of the connection, the RMS voltages should be equal. A dual-range voltmeter
is applied to compute the voltage, land the pre-set amplitude of the generated voltage was adjusted
by exciting voltage. Also, a dual-range frequency meter is used to display the frequency.
The specification of individual power plants is achieved while the individual generators are
connected. When the generators are individually connected, the power generation is low, 28 W,
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and 13 W for pumped storage and wind power plants. In contrast, the generated power of the
combined system from each generator is 88 W and 34 W, respectively. The joint hydro-wind
system can increase the generation of power. The unstable wind power was stable with the DC
chopper, crowbar in the DFIG. With the limit consideration from 10 W < P1 < 200 W for pumped
storage power plant and I OW< P2 < 150 W for wind power stand, MATLAB is used to calculate
the optimum power generation, which is 88 W for P1 and 33.994 W for P2.
The optimum power has been achieved through SCADA designer at 88 W for hydropower plant
and 34 W for the wind power plant with the rotor speed control. The cost can be optimized in the
optimum combination of 88 W from pumped storage and 34 W from the wind power plant. Lastly,
the optimized cost from case 1 is compared with Texas's energy provider company to verify the
research's cost efficacy. The cost is optimized for almost $0.0429/KWh or 42.05% of the effective
cost. This cost optimization model will be very efficient where the fuel for hydro and energy for
wind power plants are available.
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Chapter 5: CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

This work is focused on optimizing the cost of power generation through the pumped storage
power plant and wind power plant. The cost optimization modeling was conducted in two pa11S.
The mathematical modeling was done using MATLAB simulation, while the hydro and wind
power plant's emulation was performed using SCADA implementation. Experiments were
conducted using ranges of generated power from both power sources. The optimum combination
of output power and cost from both generators was determined via MATLAB simulation within
the assumed generated output power range. The hydro-generator and wind generator's emulation
were executed individually through synchronizing the grid to determine each generator's
specification using SCAOA implementation, which provided the optimum power generation from
both generators with the specific speed, aligning with results generated tlu·ough MATLAB. DFIG
was used to stabilize the unstable output power from the wind power plant.
lt is shown that combining the pumped-storage power plant and wind power plant's generated
power increases the system's flexibility and reliability. Finally, the operational power cost (with
no losses consid~ration) from MATLAB was compared with the local energy provider to
determine the cost-efficiency, which yielded a 42.05% reduction.
Power optimization was achieved when the steady hydropower plant and wi.nd power plant are
connected to the grid instead of connecting individually by SCADA. The optimal combination of
generated power by hydro-wind joint power plant minimizes the operational cost within the
assumed output range of management. The multi-dimensional issue of controlling the system's
power flow is resolved through conducting operations using SCAD A implementation. This work
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uniquely highlights the reliability, cost efficiency, and advantageous utilization o f SCADA's
func tional efficiency, mainly in cases where it is crucial to reduce opera tional cost while
maximizing power output.

5.2 Future Work
Many sectors within power generation can make significant strides towards improving the cost
optimization power system in future. Connecting three power plants will possibly make a costeffective plant instead of combining two power plants. Calculating the total cost, including
operational cost and installation cost, need to be considered to develop the power system. Power
loss may also be explored in the future. Future work can also explore the load curve for annual
energy consideration with time. However, the injection of the capacitor in the power generator
may improve the power factor that reduces the power system's cost. Furthermore, artificial
intelligence methods may be the next step as a genetic algorithm. PSO. lo establish a more efficient
power system.
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